Our preliminary study suggested a novel function of epimorphin in enhancing survival of intestinal epithelial cells (IEC). Oxidative stress leads to cell injury and death and is suggested to be a key contributor to pathogenesis of inflammatory bowel disease. This study was conducted to determine whether epimorphin protects IEC from oxidative stress. Rat intestinal epithelial cell line IEC-6 was cultured with epimorphin (10 and 20 g/ml), and the life span of IEC was assessed. The mean life span of IEC-6 cells was prolonged 1.9-fold (P Ͻ 0.0006) by treatment with epimorphin. We then examined the epimorphin signaling pathways. Epimorphin phosphorylated epidermal growth factor (EGF) receptor, activated the MEK/extracellular signalregulated kinase 1/2 mitogen-activated protein kinase and phosphatidylinositol 3 (PI3) kinase/Akt pathways, phosphorylated Bad, and induced Bcl-XL and survivin. Hydrogen peroxide (1 mM) induced cell death in 92% of IEC-6 cells, but epimorphin dramatically diminished (88.7%) cell death induced by hydrogen peroxide (P Ͻ 0.0001). This protective effect of epimorphin was significantly attenuated by inhibitors of MEK and PI3 kinase (P Ͻ 0.0001) or EGF receptor-neutralizing antibody (P ϭ 0.0007). In wound assays, the number of migrated cells in the wound area decreased (72.5%) by treatment with 30 M hydrogen peroxide, but epimorphin increased the number of migrated cells 3.18-fold (P Ͻ 0.0001). These results support a novel function of epimorphin in protecting IEC from oxidative stress. This anti-oxidative function of epimorphin is dramatic and is likely mediated by the activation of EGF receptors and the MEK/extracellular signal-regulated kinase and PI3 kinase/Akt signaling pathways and through the induction of anti-apoptotic factors.
EPIMORPHIN WAS ORIGINALLY ISOLATED as a mesenchymal protein from mouse embryonic tissues that plays central role in epithelial-mesenchymal interactions (21) . The epimorphin protein is composed of 289 amino acids with a hydrophobic stretch at the COOH terminus (21) . Previous in vivo and in vitro studies have shown that epimorphin mediates morphogenesis in many tissues including skin, hair follicle, lung, mammary gland, pancreatic duct, and intestinal epithelium (17, 22-24, 29, 32, 40) . However, the cognate epimorphin receptors and its signaling pathways have not been identified to date. A similar molecule was subsequently found as syntaxin-2, and members of the syntaxin protein family are involved in the docking and fusion of secretory vesicles with the plasma membrane (39) .
It has been shown that oxidative stress leads to cell injury and death, and acceleration in aging and age-related diseases (16) . The intestinal epithelium is exposed to various kinds of toxic agents and serves as an essential barrier. Excessive production of oxidants can induce inflammation, injury, damage to the microtubule cytoskeleton, and death in intestinal epithelial cells (IEC), and lead to mucosal barrier dysfunction (5, 27, 36) . Inflammatory bowel disease (IBD), including ulcerative colitis and Crohn's disease, is a chronic and refractory enterocolitis. It has been suggested that oxidative stress might be a key contributor to the pathogenesis of IBD (36) .
During our laboratory's clinical investigations of the pathogenesis of IBD, we found that the expression and distribution of epimorphin were altered in the colonic mucosa of IBD patients (50) . In this context, it was of interest that the expression of epimorphin increases during villous repair in the isografted intestine (20) . Increased expression of epimorphin was also found in hepatic stellate cells during liver regeneration (56) . In addition, in preliminary experiments, we unexpectedly found an important phenomenon suggesting that epimorphin might increase the viability and prolong the life span of IEC. Based on these findings, we hypothesized that the morphogenic protein epimorphin is also involved in restoration, protection, and survival of IEC. Thus the present study was conducted to elucidate this hypothesis, focusing particularly on the condition of oxidative stress. Here, we demonstrate a novel function of epimorphin to protect IEC from severe oxidative stress and prolong the life span. In addition, we elucidate the intracellular signaling pathways of epimorphin for the first time.
METHODS
Cell culture. IEC-6, a nontransformed rat intestinal epithelial cell line (43) , was purchased from ATCC (Manassas, VA). IEC-6 cells were cultured in DMEM (Invitrogen, Carlsbad, CA) with 5% fetal bovine serum and 5 g/ml insulin. Cells were used at the 17th to 22nd passage for all experiments. HT-29, a human colon cancer cell line, was also purchased from ATCC and cultured in GIT medium (Wako, Osaka, Japan) with 15% fetal bovine serum.
Assay for viability of IEC-6 cells. Recombinant epimorphin was produced in Escherichia coli BL21 and purified as described previously (24) with a slight modification. The recombinant protein in bacterial cells was dissolved in PBS containing 4 M urea, applied onto Ni-NTA-agarose gel (Qiagen, Valencia, CA), washed with PBS several times, eluted with 200 mM imidazole, and dialyzed against PBS. The purity of thus-obtained recombinant protein was Ͼ90% as judged by electrophoresis. We initiated the culture of IEC-6 cells with 500 l of the medium containing ϳ10 5 IEC-6 cells in the absence or presence of recombinant epimorphin (10 or 20 g/ml) in 24-well dishes. The cultured cells were observed every 1-2 days, and the viability of IEC-6 cells in each medium was carefully assessed. In this study, we defined the life span of the IEC as the interval between the day of cell passage and the day when Ͼ90% of IEC-6 cells were dead. Data are expressed as means Ϯ SD.
Western blot. Confluent IEC-6 monolayers grown on six-well dishes maintained for 24 h in serum-deprived DMEM were treated for 5, 15, 30, and 60 min, or 30 min, 60 min, 8 h, and 24 h with 20 g/ml of recombinant epimorphin. Cells were rinsed in cold phosphate-free medium (Invitrogen) and placed on ice with 300 l of lysis buffer per well [1% Triton X-100, 150 mM NaCl, 20 mM Tris ⅐ HCl, pH 7.5, 2 mM EDTA, containing 1 mM sodium fluoride, 1 mM sodium orthovanadate, and protease inhibitor cocktail, Complete Mini (Roche, Penzberg, Germany)]. Lysates were centrifuged (12,000 g, 10 min at 4°C), and the protein concentration in each supernatant was determined by colorimetric Bradford protein assay (Bio-Rad, Hercules, CA). Proteins from the resulting supernatant (15 g per lane) were heated (90°C, 3 min), subjected to SDS-PAGE, and then transferred onto a polyvinylidene difluoride membrane (Millipore, Yonezawa, Japan), followed by immunoblotting with polyclonal antibodies specific to p44/42 [extracellular signal-regulated kinase (ERK) 1/2] mitogen-activated protein kinase (MAPK), phosphorylated p44/42 MAPK (Thr202/Tyr204), MEK1/2, phosphorylated MEK1/2 (Ser217/ 221), phosphatidylinositol 3 (PI3) kinase, Akt, phosphorylated Akt (Ser473), epidermal growth factor (EGF) receptor, phosphorylated EGF receptor (Tyr845, Tyr992), non-phosphorylated Src (Tyr416, Tyr527), phosphorylated Src (Tyr416, Tyr527), phosphorylated p38 MAPK (Thr180/Tyr182), phosphorylated SAPK/JNK (Thr183/ Tyr185), phosphorylated 90-kDa ribosomal S6 kinase (90RSK) (Thy359/Ser363), Bad, phosphorylated Bad (Ser112), Bcl-X L (Cell Signaling, Beverly, MA), survivin (Santa Cruz Biotechnology, Santa Cruz, CA), actin (Sigma, St. Louis, MO), EGF (Santa Cruz Biotechnology), and transforming growth factor (TGF)-␣ (Santa Cruz Biotechnology). These antibodies were diluted 1:1,000 and used as the first antibody. Positive bands were visualized with the secondary horseradish peroxidase-conjugated antibody (Dako, Copenhagen, Denmark) (1:2,000 dilution) with the enhanced chemiluminescence system (Amersham Pharmacia Biotech, Buckinghamshire, UK).
Preparation of hydrogen peroxide. Cell death was induced in IEC by treatment with hydrogen peroxide. Based on the results of preliminary experiments, we determined the concentration of hydrogen peroxide that would induce the maximum degree of cell death in IEC-6 or HT-29 cells. Specifically, we used 1 mM of hydrogen peroxide for IEC-6 cells. However, we used a higher concentration of hydrogen peroxide (100 mM) for HT-29 cells because 1-10 mM of hydrogen peroxide was not sufficient to induce the maximum cell death in these cells. In wound assays, we used 30 M of hydrogen peroxide since we confirmed in our preliminary experiments that Ն100 M of hydrogen peroxide was too destructive for cellular wound healing and that 20 -30 M of hydrogen peroxide was an appropriate concentration for suppressing wound repair in IEC-6 cells (46) .
Detection of dead cells, apoptotic cells, and necrotic cells. We induced severe cell death in IEC-6 cells by treatment with 1 mM of hydrogen peroxide. The extent of cell death was assessed by measuring the levels of lactate dehydrogenase (LDH) in the culture medium. LDH level in culture medium was measured by colorimetric assay (SRL, Tokyo, Japan) and was expressed as the means Ϯ SD. Dead cells were directly detected by staining with 4Ј,6-diamino-2-phenylindole (DAPI) (Roche) using fluorescence microscopy. Furthermore, dead cells were distinguished as either apoptotic or necrotic cells by staining cells with annexin-V-fluorescein and propidium iodide (Roche), respectively. Namely, annexin-V-fluorescein-positive apoptotic cells were stained green only, and annexin-V-fluorescein and propidium iodide double-positive necrotic cells were stained orange or yellow/green. Dead cells were directly observed using fluorescence microscopy. The number of dead cells found in a standardized area (0.378 mm 2 ) in IEC-6 cells 24 h after treatment with no reagent (control), 1 mM of hydrogen peroxide, 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin, 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin with the recommended concentration (10 M) of the MEK inhibitor U0126 (Cell Signaling) or PI3 kinase inhibitor LY294002 (50 M) (Cell Signaling), 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin ϩ 10 M of MEK inhibitor ϩ 50 M of PI3 kinase inhibitor, or no reagent was counted, and the percentage of dead cells was calculated. The number of apoptotic cells or necrotic cells in a standardized area after treatment with no reagent (control), 1 mM of hydrogen peroxide, and 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin was counted separately. Data are expressed as means ϩ SD.
To elucidate the link between activation of the EGF receptor and the anti-cell death function of epimorphin, we pretreated HT-29 cells with the anti-human EGF receptor-neutralizing antibody (20 g/ml) (Clone LA1, Upstate, Lake Placid, NY) for 24 h before exposure to hydrogen peroxide. In this experiment, we used HT-29 cells since the anti-human EGF receptor-neutralizing antibody recognizes only human cells and does not cross-react with rat intestinal cell line IEC-6 cells. We determined the concentration of the anti-human EGF receptor-neutralizing antibody based on the manufacturer's instruction. Preliminary experiments showed that the viability of HT-29 cells did not decrease after 24 h of culture with the antibody at this concentration. We used higher concentration of hydrogen peroxide (100 mM) to induce severe cell death in HT-29 cells. Induction of cell death after treatment with no reagent (control), 100 mM hydrogen peroxide, 100 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin, and 100 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin ϩ 20 g/ml of the anti-human EGF receptor-neutralizing antibody was assessed microscopically by staining with DAPI, and the extent of cell death was also assessed by measuring LDH level in the culture medium. We also assessed the effects of the EGF receptor-neutralizing antibody on the activation of the ERK1/2 MAPK and Akt signaling pathways and the induction of anti-apoptotic proteins by Western blot. Namely, we assessed the activations of the EGF receptor, MEK, ERK, PI3 kinase, Akt, 90RSK, and Bad and the induction of anti-apoptotic proteins (Bcl-X L and survivin) by 20 g/ml of epimorphin 24 h after pretreatment with 20 g/ml of the anti-human EGF receptor-neutralizing antibody.
Then, we assessed the effects of Src on anti-oxidative stress function of epimorphin using Src SH2 domain inhibitor (sc-3125, Santa Cruz Biotechnology). First, we assessed the effects of Src SH2 domain inhibitor on the activation of the EGF receptor by epimorphin using Western blot. Next, we assessed the effects of Src SH2 domain inhibitor on anti-cell death function of epimorphin under oxidative stress condition. Namely, the number of dead cells found in a standardized area in IEC-6 cells 24 h after treatment with no reagent (control), 1 mM of hydrogen peroxide, 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin, 1 mM of hydrogen peroxide ϩ 20 g/ml of epimorphin ϩ the recommended concentration (10 Ϫ6 or 10 Ϫ5 M) (18) of Src SH2 domain inhibitor was counted after DAPI-staining, and the percentage of dead cells was calculated.
Calcium ionophores, such as Br-A23187, can induce both necrotic cell death and apoptosis in many cell systems (41) . We further used 5 M Br-A23187 (Sigma) to induce cell death in IEC-6 cells. Induction and suppression of cell death in IEC-6 cells were assessed 50 min and 24 h after treatment with 5 M Br-A23187 in the absence or presence of 20 g/ml of epimorphin.
Wound assays. We performed wound assays with IEC-6 cells using a modification of the method described by Sato and Rifkin (11, 35, 48) . Confluent monolayers of IEC-6 cells in 30-mm plastic dishes were wounded with a razor blade. Cells were washed with fresh serum-deprived medium, and the wounded monolayers were further cultured for 24 h in fresh serum-deprived medium in the presence of 2 ) or necrotic cells (filled column) (mean ϩ SD) in IEC-6 cells 24 h after treatment with no reagent (control), 1 mM H2O2, and 1 mM H2O2 ϩ 20 g/ml EPM. B: pictures of IEC-6 cells immunofluorescently stained with annexin-Vfluorescein and propidium iodide 24 h after treatment with no reagent (control), 1 mM H2O2, and 1 mM H2O2 ϩ 20 g/ml EPM (ϫ200). 30 M H2O2, 30 M H2O2 ϩ various concentrations of epimorphin (2 g/ml, 10 g/ml, and 20 g/ml), 30 M H2O2 ϩ 20 g/ml of epimorphin ϩ 10 M of the MEK inhibitor U0126 or 50 M of the PI3 kinase inhibitor LY294002, or no reagent (control). Migration of IEC-6 cells was assessed in a blinded fashion by determining of the number of migrating cells found across the wound border in a standardized wound area (944 m) using an inverted microscope Olympus IX70 (Olympus, Tokyo, Japan) and DP controller (Olympus). Data are expressed as means ϩ SD.
We also made artificial wounds with a uniform sized cell-free area (ϳ2 mm) by mechanical cell denudation using a pencil-type mixer with a rotating silicon tip (57) . Wound repair was monitored 24, 48, 72, and 100 h after treatment with no reagent (control), 30 M H 2O2, 30 M H2O2 ϩ 20 g/ml epimorphin.
Bromodeoxyuridine staining. Proliferating cells in the wound areas were assessed 24 h after treatment with no reagent (control), 30 M H 2O2, or 30 M H2O2 ϩ 20 g/ml epimorphin by indirect-immunohistochemical methods with anti-bromodeoxyuridine (BrdU) monoclonal antibody using the 5-bromo-2Ј-deoxy-uridine Labeling and Detection Kit II (Roche). BrdU-positive cells found across the wound border in a standardized wound area were counted, and the percentage of BrdU-positive cells was calculated. Data are expressed as means ϩ SD.
Statistics. Statistical analysis was performed with unpaired Student's t-test and Mann-Whitney U-test [1) the life span of IEC-6 cells, 2) LDH level in the culture medium, 3) the percentage of dead cells, 4) the number of apoptotic or necrotic cells, 5) the number of migrating cells (control vs. H 2O2, H2O2 ϩ 20 g/ml epimorphin vs. H2O2 ϩ 20 g/ml epimorphin ϩ MEK inhibitor or PI3 kinase inhibitor), 6) the ratio of BrdU-positive cells)] or unpaired KruskalWallis test [the number of migrating cells (H 2O2, H2O2ϩ 2 g/ml, or 10 g/ml, or 20 g/ml epimorphin)], and probability of 0.05 was considered statistically significant.
RESULTS
Epimorphin prolongs the life span of IEC. We first attempted to elucidate whether epimorphin prolongs the life span of IEC using a nontransformed rat intestinal epithelial cell line, IEC-6. As shown in Fig. 1A , the mean life span of IEC-6 cells with no treatment (control) was 49.8 Ϯ 10 days (33-66 days). In contrast, the mean life span of IEC-6 cells treated with 10 or 20 g/ml of epimorphin was 93.7 Ϯ 11.7 days (73-108 days) or 94.3 Ϯ 11.9 days (78 -114 days), respectively. Pictures of typical IEC-6 cells after 40, 52, and 104 days of culture with or HT-29 cells 24 h after treatment with no reagent (control), 100 mM H2O2, 100 mM H2O2 ϩ 20 g/ml EPM, 100 mM H2O2 ϩ 20 g/ml EPM following for 24 h pretreatment with 20 g/ml of the anti-human EGF receptor-neutralizing antibody (EGFR-Ab) (ϫ200) (top). Bottom: DAPIstained HT-29 cells 24 h after treatment with no reagent (control), 100 mM H2O2, 100 mM H2O2 ϩ 20 g/ml EPM, 100 mM H2O2 ϩ 20 g/ml EPM following for 24 h pretreatment with 20 g/ml of the anti-human EGF receptor neutralizing antibody. B: percentage of dead cells to adhered epithelial cells (means ϩ SD) 24 h after treatment of HT-29 cells with no reagent (control) (open column), 100 mM H2O2 (open column), 100 mM H2O2 ϩ 20 g/ml EPM (shaded column), 100 mM H2O2 ϩ 20 g/ml EPM following for 24 h pretreatment with 20 g/ml of the anti-human EGF receptor-neutralizing antibody (EGFR Ab) (dark shaded column). C: LDH level (mean Ϯ SD) in culture medium 24 h after treatment of HT-29 cells with no reagent (control), 100 mM H2O2, 100 mM of H2O2 ϩ 20 g/ml EPM, and 100 mM H2O2 ϩ 20 g/ml EPM followed by a 24-h pretreatment with 20 g/ml of the anti-human EGF receptor-neutralizing antibody (EGFR-Ab). D: results of Western blot of HT-29 cells pretreated for 24 h with 20 g/ml of the anti-human EGF receptor-neutralizing antibody to examine the activation of the EGF receptor-Akt/-ERK signaling pathways and the induction of the anti-apoptotic proteins by treatment with 20 g/ml EPM. Western bolt was performed with polyclonal antibodies to EGF receptor, phospsho (Tyr845 or Tyr992) EGF receptor, PI3 kinase, Akt, phospho Akt, phospho MEK1/2, ERK1/2 MAPK, phospho ERK1/2 MAPK, phospho 90RSK, Bad, phospho Bad, Bcl-XL, survivin, and actin protein.
without epimorphin are shown in Fig. 1B . Thus we confirmed that the mean life span of IEC-6 cells was significantly prolonged (ϳ1.9-fold) (P Ͻ 0.0006) by treatment with epimorphin compared with those without the treatment.
Epimorphin activates EGF receptor, MEK/ERK1/2 MAPK, and PI3 kinase/Akt signaling pathways, and induces anti-apoptotic proteins in IEC.
From these surprising effects of epimorphin on the life span of IEC, we next attempted to examine the signaling pathway of epimorphin in IEC-6 cells by Western blot. Namely, we investigated the activation of signaling proteins that belong to the MAPK and PI3 kinase-Akt pathways, since these signaling pathways have been shown to be closely involved in cell survival (4, 12, 34, 45, 53, 55) . As shown in Fig. 2A , ERK1/2 MAPK was clearly activated by treatment with 20 g/ml of epimorphin ( Fig. 2A) . However, we failed to find activations of other MAPK such as p38 MAPK and JNK by treatment with epimorphin (data not shown in Fig. 2) . We investigated signaling proteins upstream or downstream of ERK1/2 MAPK and found that MEK1/2 and 90 RSK were also activated by treatment with epimorphin, respectively ( Fig. 2A) . Next, we found that both PI3 kinase and Akt were phosphorylated by treatment with epimorphin (Fig. 2B) . Bad, which is downstream of ERK and Akt, was also phosphorylated (Fig.  2B) . Then, we finally found that epimorphin phosphorylated EGF receptor on tyrosine residues 845 and 992 (Fig. 2C) . Activation of Src was shown to be involved in the activation of EGF receptor at tyrosine 845 (9, 47) . However, significant activation of Src (Tyr416) was not detected by treatment with epimorphin (Fig. 2C) . On the other hand, it has been shown that the protein tyrosine kinase activity of the cellular Src protein is negatively regulated by phosphorylation at tyrosine residue 527 (Tyr527) (54) . As shown in Fig. 2C , phosphorylation of Src (Tyr527) was observed both before and after treatment with epimorphin. Regarding survival proteins downstream of ERK1/2 MAPK and Akt, epimorphin increased the expression of Bcl-X L and survivin (Fig. 2D) . In contrast, we could not clearly detect expression of EGF protein and TGF-␣ protein in IEC-6 cells before and after treatment with epimorphin by Western blot (not shown in Fig. 2) .
Epimorphin protects IEC from cell death induced by hydrogen peroxide, but inhibitors of MEK and PI3 kinase suppress the function of epimorphin. We investigated the protective function of epimorphin from injury or death of IEC induced by toxic agent. We used a high concentration of hydrogen perox- ide to induce severe cell injury and cell death in IEC, since oxidative stress has been shown to be closely associated with the pathogenesis of IBD (36) . As shown in Fig. 3A , LDH level in culture medium increased fourfold following exposure to 1 mM hydrogen peroxide (P Ͻ 0.01), which was significantly (64%) attenuated by epimorphin (P Ͻ 0.01). As shown in Fig.  3B , treatment with 1 mM hydrogen peroxide induced severe cell death in IEC-6 cells. However, the induction of cell death by hydrogen peroxide was dramatically suppressed by treatment with 20 g/ml of epimorphin. Actually, as shown in Fig.  3 , C and D, 1 mM hydrogen peroxide induced severe cell death in IEC-6 cells (percentage of dead cells: control 2.9%, 1 mM hydrogen peroxide 92.3%) (P Ͻ 0.0001), but the percentage of dead cells was significantly diminished by treatment with 20 g/ml of epimorphin (from 92.3 to 10.4%) (P Ͻ 0.0001). We also found that this anti-cell death function of epimorphin was significantly suppressed by treatment with the MEK inhibitor U0126 and the PI3 kinase inhibitor LY294002 (Fig. 3, C and  D) . Actually, the percentage of dead cells increased 2.1-fold (P ϭ 0.0007), 3.1-fold (P Ͻ 0.0001), or 8.16-fold (P Ͻ 0.0001) by treatment with both 10 M of the MEK inhibitor, 50 M of the PI3 kinase inhibitor, or 10 M of the MEK inhibitor ϩ 50 M of the PI3 kinase inhibitor, respectively (Fig. 3C) .
Epimorphin attenuates the induction of apoptosis and necrosis by hydrogen peroxide. As shown in Fig. 4 , A and B, 1 mM hydrogen peroxide significantly increased both apoptotic cells (3.53-fold) and necrotic IEC-6 cells (19.6-fold) compared with control (P Ͻ 0.0001). Dead cells induced by 1 mM hydrogen peroxide in IEC-6 cells were comprised of 22% apoptotic cells (stained by annexin-V fluos as green) and 78% necrotic cells (stained by both annexin-V fluos and propidium iodine as orange or yellow/green). On the other hand, epimorphin significantly suppressed the induction of both apoptosis and necrosis by hydrogen peroxide (P Ͻ 0.0001). Actually, epimorphin decreased 67.3% of apoptotic cells or 79.3% of necrotic cells induced by hydrogen peroxide, respectively.
The EGF receptor-neutralizing antibody inhibits the anticell death function of epimorphin. To elucidate the link between the activation of EGF receptor and the anti-cell death function of epimorphin, we pretreated human colon cancer cell line HT-29 cells for 24 h with 20 g/ml of the anti-human EGF receptor-neutralizing antibody (clone LA1, Upstate) and examined the anti-cell death function of epimorphin in the presence of hydrogen peroxide. In this experiment, we used HT-29 cells since the anti-human EGF receptor-neutralizing antibody recognizes only human cells and does not cross-react with rat intestinal cell line IEC-6 cells. As shown in Fig. 5A , 100 mM hydrogen peroxide induced severe cell death in HT-29 cells, but epimorphin dramatically suppressed the induction of cell 
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death by hydrogen peroxide. However, pretreatment with the anti-human EGF receptor-neutralizing antibody abrogated the protective effect of epimorphin against cell death. Actually, more than 50% of epithelial cells were detached from the dishes by treatment with 100 mM hydrogen peroxide or 100 mM hydrogen peroxide ϩ epimorphin following pretreatment with the anti-human EGF receptor-neutralizing antibody (Fig.  5A) . The percentage of dead cells (mean Ϯ SD) to total cells adhered to dishes after treatment with no reagent (control), 100 mM hydrogen peroxide, 100 mM hydrogen peroxide ϩ epimorphin, or 100 mM hydrogen peroxide ϩ epimorphin following pretreatment with the anti-human EGF receptor-neutralizing antibody was 2.0 Ϯ 0.34, 83.3 Ϯ 3.9, 13.4 Ϯ 3.6, or 53.3 Ϯ 8.5, respectively (Fig. 5B) . Specifically, the anti-human EGF receptor-neutralizing antibody clearly suppressed the anti-cell death function of epimorphin (P ϭ 0.0007). Similarly, as shown in Fig. 5C , LDH level in culture medium of HT-29 cells also increased dramatically (17.9-fold) by treatment with 100 mM hydrogen peroxide, but this increase was significantly suppressed (Ϫ86.3%) by epimorphin. However, pretreatment with the anti-human EGF receptor-neutralizing antibody restored the increase in LDH (5.0-fold) ( (Fig. 6, B and C) . Namely, the Src SH2 domain inhibitor did not attenuate the anti-cell death function of epimorphin under oxidative stress condition.
Epimorphin protects IEC-6 cells from cell death induced by Br-A23187. Calcium ionophores such as Br-A23187 induce both necrotic cell death and apoptosis in many cell systems (41) . In this study, we also used Br-A23187, and cell death was induced in IEC-6 cells. As shown in Fig. 7 , epimorphin clearly protected IEC-6 cells from cell death induced 50 min after treatment with 5 M Br-A23187. Actually, cell death was induced in 64.4% of IEC-6 cells 50 min after treatment with 5 M Br-A23187, but the percentage of cell death was reduced to 22.1% by co-culture with 20 g/ml epimorphin (P Ͻ 0.001). However, epimorphin did not significantly protect IEC-6 cells from cell death after 24 h of treatment with Br-A23187 (data not shown).
Epimorphin prevents the delay of wound repair in IEC-6 cells caused by hydrogen peroxide. It has been shown that oxidative stress also suppresses wound repair (5, 46, 57) . We finally focused on the effects of epimorphin on wound repair of IEC exposed to oxidative stress. We performed wound assays with IEC-6 cells using a modification of the method described by Sato and Rifkin (11, 35, 48) . In wound assays, we used 30 M of hydrogen peroxide since we confirmed in our preliminary experiments that high concentration (Ͼ100 M) of hydrogen peroxide was too destructive for cellular wound healing and 20 -30 M hydrogen peroxide was an appropriate concentration for suppressing wound repair in IEC-6 cells (46) .
As shown in Fig. 8, A and B, the number of epithelial cells migrating across the wound border decreased significantly (72.5%) after 24 h of exposure to 30 M hydrogen peroxide compared with control (P Ͻ 0.0001). However, epimorphin prevented the decrease in the number of migrating epithelial cells caused by hydrogen peroxide in a concentration-dependent manner (P Ͻ 0.0001). Actually, the number of migrating epithelial cells increased 3.18-fold after treatment with 20 g/ml epimorphin compared with those treated with only 30 M hydrogen peroxide. On the other hand, co-culture with 10 M of the MEK inhibitor or 50 M of the PI3 kinase inhibitor decreased the number of migrating epithelial cells 62.2 or 65.7% compared with that with epimorphin (P Ͻ 0.0001). Thus each of these inhibitors suppressed the function of epimorphin (Fig. 8, A and B) . We also used a model of artificial wounds by mechanical cell denudation using a rotating silicon tip (Fig. 8C) , as described before (57) . In control, the size of the cell-free area decreased gradually and completely closed 72 h after wound formation. On the other hand, wound repair was significantly disturbed by exposure to 30 M hydrogen peroxide, and the cell-free area was not closed even 100 h after wound formation. However, the delay in wound repair caused by hydrogen peroxide was clearly prevented by treatment with 20 g/ml epimorphin, and the cell-free area was almost closed 100 h after wound formation. Actually, 44.3, 15.0, or 30.3% of the cell-free area was repaired with epithelial cells 24 h after treatment with no reagent (control), 30 M hydrogen peroxide, or 30 M hydrogen peroxide ϩ 20 g/ml epimorphin, and 100, 58.3, or 95.4% of the cell-free area was repaired 72 h after treatment with no reagent (control), 30 M hydrogen peroxide, or 30 M hydrogen peroxide ϩ 20 g/ml epimorphin, respectively. Morphologically, most IEC near the wound margin were swollen, and cell integrity appeared to be loosened 72 h after exposure to hydrogen peroxide (Fig. 8D, left) . In contrast, epimorphin clearly suppressed these morphological changes of IEC caused by hydrogen peroxide (Fig. 8D, right) . The percentage of BrdU-positive proliferating epithelial cells in the wound area decreased following exposure to 30 M hydrogen peroxide, which was abrogated by epimorphin (Fig. 8E) . These results indicate that epimorphin prevents the delay of wound repair caused by hydrogen peroxide by enhancing both restitution and proliferation of IEC, probably through the activation of MEK-ERK and PI3 kinase-Akt signaling pathways.
DISCUSSION
Epimorphin was first identified by our co-author Dr. Hirai, as a mesenchymal protein that regulates morphogenesis of epithelial cells (20) . Thereafter, the successive investigations have shown that this protein is involved in the epithelial morphogenesis of various organs (17, 22-24, 29, 32, 40) . Although it has been shown that 19-amino acid motif (NLpeptide) within the cell-binding domain of epimorphin mediates binding of cells to epimorphin (29) , the cognate epimorphin receptors and its signaling pathways have not been identified to date. In the present study, we demonstrated a new function of epimorphin protecting IEC from oxidative stress and prolonging the life span of IEC. In addition, we first elucidate the hypothetical intracellular signaling pathways of epimorphin. Specifically, epimorphin phosphorylates EGF receptor, activates both the MEK-ERK1/2 MAPK and PI3 kinase-Akt pathways, phosphorylates 90RSK and Bad, and finally induces cell survival proteins such as Bcl-X L and survivin (Fig. 9) . It has been shown that EGF receptor regulates activations of MEK and PI3 kinase (26) and that activations of ERK and Akt can induce phosphorylation of Bad and disassociation of Bad from Bcl-X L (4, 12, 13, 45, 49) and upregulate survivin expression (3, 25) . In our study, we also found that the EGF receptor-neutralizing antibody significantly attenuated the activations of the PI3 kinase-Akt and MEK-ERK signaling pathways and the induction of Bcl-X L and survivin. Thus we suggest that the activation of EGF receptor by epimorphin directly links the activations of PI3 kinase-Akt and MEK-ERK pathways and the induction of anti-apoptotic proteins. In these signaling pathways of epimorphin, it is critical but unclear whether epimorphin directly or indirectly phosphorylates EGF receptor. Previous in vitro and in vivo studies showed that Src phosphorylates the EGF receptor on Tyr 845 (9, 47) . Another possibility was also suggested that epimorphin might induce ligands of EGF receptor, EGF or TGF-␣, and indirectly phosphorylate EGF receptor. However, we failed to demonstrate clear activation of Src (Tyr416) and induction of EGF or TGF-␣ in IEC-6 cells by treatment with epimorphin. In contrast, phosphorylation at Src (Tyr 527), which negatively regulates activity of the cellular Src protein (18), was constantly observed before and after the treatment with epimorphin. Furthermore, the Src SH2 domain inhibitor did not suppress the activation of EGF receptor by epimorphin and the antioxidative stress function of epimorphin. On the other hand, we confirmed that epimorphin phosphorylates not only EGF receptor on Tyr 845 but also on Tyr 992. Based on these results, we suggest that Src was not activated by epimorphin and was not involved in the phosphorylation of EGF receptor and the anti-oxidative stress function of epimorphin. Although we did not demonstrate conclusively that epimorphin binds EGF receptor directly, these findings suggest the possibility that epimorphin might directly phosphorylate EGF receptor.
It has been shown that oxidative stress leads to cell injury and cell death (16) . Oxidative stress can inhibit calcium pumps in the endoplasmic reticulum and activate calcium release pathways with the consequence that calcium dumps into the cytosol from the endoplasmic reticulum to be taken up by mitochondria (33, 37, 52) . Such uptake may induce a calciumdependent mitochondrial permeability transition and cell death (33) . The MEK-ERK and PI3 kinase-Akt pathways have been shown to be involved in cell survival under various conditions, including oxidative stress (4, 8, 12, 16, 44, 45, 53, 55) , although conflicting findings have also been reported (6, 31, 51) . Concerning the mechanisms of cell survival through these signaling pathways, the following findings have been shown. Activation of ERK induces phosphorylation of the proapoptotic protein Bad through the activation of RSK (4, 45) . Activation of Akt also directly induces phosphorylation of Bad (12, 49) . Phosphorylation of Bad may alter the affinity of Bad for Bcl-X L and promote dissociation of Bad from Bcl-X L , allowing for protection of cells from cell death (26) . Recent studies have shown that Bcl-X L is involved in the inhibition of loss of mitochondrial membrane potential and mitochodrial membrane permeabilization (28) . On the other hand, it has been shown that both activations of ERK and PI3/Akt signaling pathways upregulate the anti-apoptotic protein survivin (13, 25) . Survivin contains a single baculovirus inhibitor of apoptotic proteins genes (2) and plays a role in antagonizing mitochondria-dependent apoptosis (1) . In this study, we demonstrated that a high concentration of hydrogen peroxide induced severe cell death in IEC and that epimorphin dramatically suppressed cell death, including apoptosis and necrosis, induced by hydrogen peroxide. However, this anti-cell death function of epimorphin was clearly suppressed by treatment with the MEK inhibitor, the PI3 kinase inhibitor, and the EGF receptor-neutralizing antibody. Br-A23187 is a calcium ionophore that has been shown to increase mitochondrial free calcium and collapse mitochondrial membrane potential, and thus induces mitochondrial permeability transition and cell death (41) . Our study also showed that epimorphin temporarily suppressed cell death of IEC induced by Br-A23187. These results suggest that activations of the EGF receptor-MEK/ERK and -PI3 kinase/Akt signaling pathways and the subsequent induction of survival factors are closely involved in the function of epimorphin to protect IEC from cell death induced by oxidative stress or mitochondria-dependent cell death (Fig. 8) .
Excessive production of oxidants can induce damage of the microtubule cytoskeleton in IEC and leads to mucosal barrier dysfunction (5, 27, 36) . Microtubules regulate cell morphology, cell migration, and polarity, and disruption of the microtubules by oxidative stress can limit cell function and inhibit cell restoration after wounding (5, 57) . In our laboratory's recent (46) and current investigations, we demonstrated that oxidative stress induced by hydrogen peroxide strongly suppresses wound repair in IEC-6 cells. In contrast, our present study clearly demonstrated for the first time that epimorphin significantly prevents the delay of wound repair induced by hydrogen peroxide. Epimorphin increases not only the number of migrating cells but also the ratio of BrdU-positive proliferating cells in wound areas, both of which are significantly decreased by exposure to hydrogen peroxide. In addition, epimorphin prevents the morphological changes of IEC-6 cells induced by hydrogen peroxide. These results suggest that hydrogen peroxide diminishes both restitution and proliferation of IEC, but epimorphin recovers both functions of IEC. Based on the results of the wound assays and the proliferation assays, we suggest that enhancement of cell crawling is more closely involved in the function of epimorphin for wound healing than an enhancement of cell proliferation. It has been shown that both the MEK/ERK and PI3 kinase/Akt pathways are involved in the cell proliferation and migration of various types of cells (14, 15, 19, 42) . Basuroy et al. (7) showed that EGF-activated ERK MAPK activity interrupts the mechanism involved in hydrogen peroxide-induced disruption of the actin cytoskeleton and the loss of interaction between tight junction proteins and the actin cytoskeleton in IEC. In this study, we demonstrated that treatment with each of the inhibitors of MEK or PI3 kinase clearly suppressed the function of epimorphin to prevent the delay of wound repair in IEC. These results suggest that the activation of each of the MEK-ERK or PI3 kinase-Akt signaling pathways is also involved in the function of epimorphin to prevent the delay of wound repair induced by hydrogen peroxide.
With regard to the function of epimorphin to prolong the life span of IEC, it has been shown that oxidants are important in the development of the senescent phenotype (16) . In addition, previous studies with human diploid fibroblasts revealed that cells grown in low oxygen tension exhibit a prolonged life span (16, 38) . Thus we suggest that an anti-oxidative stress mechanism is also involved in the function of epimorphin to prolong the life span of IEC-6 cells.
In conclusion, our study indicates that the morphogenic protein epimorphin also exhibits an anti-oxidative stress function and protects IEC from severe oxidative stress, suggesting the importance of mesenchymal-epithelial interactions for protection of IEC. The anti-oxidative stress function of epimorphin is dramatic and strong. In addition, it is of note that the signaling pathways of epimorphin were demonstrated for the first time in this study. Recent studies suggested that the EGF receptor-MAPK and PI3 kinase-Akt pathways are involved in morphogenesis (10, 30) . Thus it is an intriguing question as to whether these signaling pathways are also involved in the morphogenic function of epimorphin. It has been suggested that oxidative stress is a key contributor to the pathogenesis of IBD (5, 27, 36) . Thus we believe that epimorphin might shed light on a potential therapeutic strategy for oxidative stressinduced enterocolitis, such as IBD, in the near future. Fig. 9 . Schema of the hypothetic signaling pathways of epimorphin and mechanism of the anti-oxidative stress function in IEC.
